In addition to their importance as abundant hydrocarbon deposits in nature, clathrate hydrates are being studied as potential media for hydrogen and carbon dioxide storage, and as "nano-reactors" for small molecules. However, little is known about the behaviour of reactive species in such materials. We have employed muon spin spectroscopy to characterize various organic free radicals which reside as isolated guests in structure II clathrates. The radicals are formed by reaction of atomic muonium (Mu) with the guest molecules: furan and two isomeric dihydrofurans. Muonium is essentially a light isotope of hydrogen, and adds to unsaturated molecules in the same manner as H. We have determined muon and proton hyperfine coupling constants for the muoniated radicals formed in the clathrates and also in neat liquids at the same temperature. DFT calculations were used to guide the spectral assignments and distinguish between competing radical products for Mu addition to furan and 2,3-dihydrofuran. Relative signal amplitudes provide yields and thus the relative reactivities of the C4 and C5 addition sites in these molecules. Spectral features, hyperfine constants and reactivities all indicate that the radicals do not tumble freely in the clathrate cages in the same way that they do in liquids.
Introduction
Gas hydrates (or more generally clathrate hydrates) are solid crystalline materials composed of a framework of hydrogen-bonded water molecules arranged to form cages which can contain small guest molecules, either singly or in very small numbers, according to the space available. 1, 2 The best known example is methane hydrate, which occurs naturally in deep-sea sediments and permafrost. Methane and other gas hydrates may be a future source of petrochemicals and fossil fuels, 3 albeit with very significant environmental hazards. 4 The geometrical structure and weak host-guest interactions in clathrate hydrates make them suitable for compressed storage of small molecules, hence the proposals to use clathrates for hydrogen storage 5 and carbon dioxide sequestration. 6 In addition, the separation of guests and the limited intercage diffusion at low temperature provides stable shelter (matrix isolation) for reactive species such as H atoms and free radicals. The study of controlled reactions in clathrate hydrates has led to the suggestion that they be used as "nano-reactors". 7 Free radicals can be created in clathrate hydrates by photolysis of either the guest 8 or the host water molecules, 9 but most studies employ γ-irradiation, [10] [11] [12] [13] [14] [15] [16] and thence reaction of guest molecules with the transient products (H, OH, e -) of water radiolysis. At low temperature hydrogen atoms (H or D) can be detected by electron spin resonance (ESR). 16, 17 Organic free radicals can also be characterized by ESR, and monitoring their signal intensities in temperature annealing studies has provided evidence for H-atom transfer reactions. [12] [13] [14] A different strategy, which we have followed, is to create radicals through reactions of muonium, and to study the muoniated radicals by muon spin spectroscopy. [18] [19] [20] [21] [22] [23] Muonium (Mu) is the single-electron atom with a positive muon as nucleus. As such it is effectively a light isotope of hydrogen and it reacts in similar manner. Thus, addition of Mu to an unsaturated molecule (e.g. an alkene) will result in a muoniated free radical (e.g. an alkyl radical with Mu replacing H on the β-carbon). A particular advantage of using muon spin spectroscopy to study free radical behaviour is that muons can be implanted in any material and under conditions where more conventional spectroscopic tools are ineffective. Prime examples are muoniated free radicals in superheated water 24 and in zeolites. 21, 25 We have recently applied muon spin spectroscopy to radicals formed from guest molecules in clathrate hydrates. 26 For saturated guest molecules (cyclopentane, tetrahydrofuran), we were able to detect muonium itself, but the corresponding unsaturated molecules (cyclopentene, 2,5-dihydrofuran) resulted instead in characteristic radical signals consistent with the expected products of muonium reaction. The current work extends studies to similar systems with multiple reaction sites, namely 2,3-dihydrofuran and furan. The expected reactions are depicted in Scheme 1. It is pertinent to note that radical 3 is an isotopomer of radical 1, i.e. they differ only in the site of Mu substitution. The structures include explicit hydrogens only for those atoms which are expected to have significant hyperfine interaction with the unpaired electron.
Similarly, to aid subsequent discussion, some H atoms are labelled α or β to denote their relation to the radical centre.
We show below how isotropic muon and proton hyperfine constants are used to identify the individual radical signals and thence determine the branching ratio of the reactions. Samples were studied in neat liquid form as well as clathrate hydrates, in order to investigate the potential influence of the local environment on the reactivity of the molecules. 
Experimental Methods
Furan, 2,3-dihydrofuran and 2,5-dihydrofuran were obtained from Sigma-Aldrich. Oxygen was removed by the freeze-pump-thaw method, and neat liquid samples were sealed in stainless-steel cells with steel foil windows for muon irradiation. Clathrate hydrate crystals were grown under nitrogen from a mixture of organic liquid (5.88 mol %) and crushed ice made from oxygen-free water. The mixture was held for a few days several degrees below the hydrate decomposition temperature, and subsequently stored in a freezer at -20°C. Prior to muon spectroscopy the crystals were crushed to a fine powder in a cold nitrogen atmosphere and packed into brass cells with brass foil windows. Furan and similar sized molecules are known to form structure II hydrates.
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The muon spin spectroscopy experiments were performed at the TRIUMF cyclotron, in Vancouver, BC, using spin-polarized positive muons from the M15 and M20 beam lines. The muons are sufficiently energetic (4 MeV) to penetrate the thin metal windows of the cells and stop in the sample inside. The sealed sample cells were mounted in a pre-cooled cryostat inserted in the HELIOS spectrometer, which consists of a superconducting magnet and a set of plastic scintillator detectors which register the passage of incoming muons and their outgoing decay positrons. The spectrometer was oriented so that the beam enters along the axis of the solenoid magnet.
Two types of spectroscopy were performed: transverse field muon spin rotation (TF-µSR) and muon avoided level-crossing resonance (µLCR). For TF-µSR measurements the muon beam is tuned for transverse spin polarization. Since the magnetic field is aligned along the beam direction, this means that the spins of stopped muons precess in a plane perpendicular to the field, in similar manner to nuclear spins in NMR after a π/2 pulse. Unlike conventional magnetic resonance, however, TF-µSR employs a single-particle counting technique: muons are individually detected and the elapsed time between arrival of a muon in the sample and detection of its decay positron is recorded in a histogram. Because the angular distribution of positrons is a maximum in the direction of the muon spin, the lifetime histogram corresponding to each positron detector contains oscillations which reflect the passage of the precessing muon spins. In general, the muon decay histogram has the form:
where N 0 is a normalization factor, τ is the mean muon lifetime (2.2 µs) and C is a small constant background. A(t) is the muon asymmetry function, which incorporates the precession signals.
A(t) is related to the time dependence of the muon spin polarization P(t) by a simple scale factor, a, which depends on various instrumental parameters. Individual precession frequencies ν i can be identified by Fourier transformation of A(t). Because the HELIOS spectrometer has four positron detectors arranged in phase quadrature, complex Fourier transformation can be employed to produce a spectrum which distinguishes negative from positive precession frequencies.
Muon precession frequencies vary according to the local magnetic environment of the muon.
When positive muons stop in water, ice, and most organic liquids, roughly half pick up electrons to become muonium atoms, and the other half become incorporated in diamagnetic molecules, typically through muon attachment and subsequent proton transfer. 27, 28 Muons in diamagnetic environments precess at the muon Larmor frequency ν µ (13.554 MHz per kG applied field), similar to proton NMR except for the higher frequency due to the larger muon magnetic moment.
However, chemical shifts can not be distinguished because of the substantial broadening due to the short lifetime of the muon. In contrast, electron-nuclear Fermi hyperfine interactions in free radicals are much larger, so muon precession frequencies can be used to distinguish between different muoniated radicals. At sufficiently high fields (typically a few kG) muoniated radicals exhibit two precession frequencies, ν R1 and ν R2 , according to the spin orientation of the unpaired electron:
where the mid-point
is shifted from the muon Larmor frequency by a small amount that depends on the relative magnitudes of the isotropic muon hyperfine constant A µ and the electron Larmor frequency ν e .
An example of a TF-µSR spectrum is shown in Figure 1 . Such spectra are useful for identification and display purposes, but the quantitative information of interest (frequencies and amplitudes) is obtained by fitting eqs 1-2 to the time histogram itself. The muon hyperfine constant is readily calculated from the difference of the two radical precession frequencies. As is the case in Figure 1 , higher frequency signals often have reduced amplitude. This is partly due to limited time resolution of the detector system, but can also arise from partial spin dephasing when muonium is transformed to a radical which has a different precession frequency. If the higher frequency signal is weak, it is still possible to calculate A µ from ν R1 and the diamagnetic frequency ν µ : Potential loss of signal due to spin dephasing applies to both precession frequencies, and puts a significant constraint on the ability to detect muoniated radicals: the pseudo-first-order muonium reaction rate must be well in excess of 10 9 s -1 .
The second type of muon spectroscopy does not suffer this limitation, because in µLCR the muon spin polarization is aligned along the magnetic field, so there is no precession. Count rates are recorded for positron detectors in the forward (F) and backward (B) directions, and the muon asymmetry is simply given by the normalized difference of the integrated count rates:
The count rates are recorded as the magnetic field is gradually stepped over an appropriate range, and a plot of A ∥ as a function of field comprises the µLCR spectrum. At fields where there is efficient mixing of spin functions (leading to avoided crossing of energy levels) muon polarization is lost, leading to a resonance-like change in muon asymmetry. Since raw count rates are sensitive to systematic effects, such as fluctuations in the rate of incoming muons, square-wave field modulation (typically at a fraction of a Hertz frequency) is employed to minimize baseline wandering. As is the case in ESR, provided the modulation amplitude is smaller than the natural line-width, the resonance line shape looks approximately fielddifferential. In practice, quantitative analysis is achieved by fitting the signal with the difference of two Lorentzian curves separated by the peak-to-peak modulation amplitude. An example of a µLCR resonance is shown in Figure 2 .
A major advantage of µLCR is that it provides information on other spin-active nuclei in the radical, apart from the muon. Two types of avoided crossings are relevant to our studies and are distinguished by the change in M, the z-component of the total spin quantum number of the interacting levels. Radicals in liquids exhibit only ΔM = 0 resonances. This can occur, for example, by the mixing of levels with identical electron spin but opposite muon and proton spin orientations. Such mixing is equivalent to a muon-proton "flip-flop" transition, which results in loss of muon spin polarization. The resonant field is then given by
where γ µ , γ p , γ e are the muon, proton and electron gyromagnetic ratios, respectively. The isotropic proton hyperfine coupling, A p is readily calculated if A µ is already known (typically from a TF-µSR measurement). There are often multiple protons in a free radical (and sometimes other nuclei with spins) and each distinct hyperfine coupling constant (hfc) gives rise to a separate resonance. Example of a µLCR resonance. This one is part of a spectrum obtained from neat liquid cyclopentene at -10°C, and can be assigned to the α-H of the muoniated cyclopentyl radical. 26 Resonances of the ΔM = 1 type only occur if there is some off-diagonal coupling of states, as can happen with the anisotropic part of the hyperfine interaction. This muon spin flip occurs at the field where ν R1 is zero:
Such resonances are typically only seen in solids and other media where anisotropic interactions are not averaged out by rapid tumbling of molecules.
Optimized geometries and hyperfine coupling constants of muoniated free radicals were calculated in Gaussian09, 29 using the B3LYP hybrid functional and the 6-31G(d) basis set.
Similar calculations were performed with the EPR-II basis set for comparison purposes (see Supporting Information). Muonium was treated as a light isotope of H with mass 0.113429 u and magnetic moment 8.890597 µ N . 30 The equilibrium geometry and hyperfine constants (hfcs) do not change with isotope substitution (except for the trivial factor due to the larger magnetic moment of the muon), but vibrational averaging can affect both the geometry and the hfcs. We took these effects into account using the Freq=Anharmonic and Fermi keywords.
Results and Discussion
Before presenting our new results it is instructive to review some findings from our earlier investigation. 26 A single muoniated radical (1) was detected in the clathrate hydrate of 2,5-dihydrofuran, and was characterized by TF-µSR and µLCR. Small but significant differences were found between the hyperfine constants of the radical in the liquid phase and in the clathrate hydrate. In addition, the existence of a ΔM = 1 avoided level-crossing resonance indicates that the radical is not tumbling freely in the clathrate structure. This implies that there is some hostguest interaction, and indeed, hydrogen-bonding is known to occur for a variety of guest molecules in clathrate hydrates, including small ethers. [31] [32] [33] To explore the possibility of strong radical-host interactions, we performed a DFT calculation on tetrahydrofuran-3-yl (the H isotopomer of 1) at the center of a single cage of 28 water molecules arranged to mimic the 5 12 .) The focus of the present paper is on the identification of guest radicals.
It was noted in our earlier work that the muon hfc of 1 decreases with temperature, and that two conformers exist. 26 In one of them Mu takes a quasi-axial orientation with respect to the ring, and the other quasi-equatorial. The observation of a single radical implies that the two conformers rapidly interconvert, presumably as a result of non-planar ring fluctuations as suggested by ESR studies of similar 5-membered alicyclic radicals. 37 The observed muon hfc can then be expressed as a weighted average of the values for the axial (X) and equatorial (Q) structures:
where w X and w Q are determined by the Boltzmann populations of the two conformers separated in energy by ΔE.
We have now extended the temperature range of our TF-µSR studies, and present the muon hfcs in Figure 3 . The line through the points corresponds to a fit to eq 9, which has three adjustable parameters (ΔE and the two hfcs). This shows that the model is consistent with the observed temperature dependence, but other vibrational modes are also likely to contribute (e.g.
C-Mu bond stretching and wagging), so little emphasis is placed on the precise values of the optimized parameters. As shown in Scheme 1, addition of Mu to 2,3-dihydrofuran is expected to produce two distinct product radicals, 2 and 3. That this indeed happens is evident from Figure 4 , which displays the TF-μSR spectrum recorded for a hydrate sample of this compound. The muon hfcs for the radicals are listed in Table 1 . The larger of the two values is similar to the muon hfc of radical 1
and is assigned to structure 3. The unpaired electron in radical 2 is nominally on C5 but is partially delocalized onto the neighbouring O atom. The reduction in unpaired spin density on C5 compared to C4 results in lower values for both the α and β proton hfcs of the equivalent radicals studied by ESR (tetrahydrofuran-5-yl and tetrahydrofuran-4-yl). Table 2 . The assignment to individual radicals and nuclei was made with the aid of DFT calculations whose results are summarized in Table 3 .
As explained earlier for the muon hfcs and expressed in eq 9, the observable hfcs are Boltzmannweighted averages of values for the two conformers corresponding to Mu in pseudo-axial and pseudo-equatorial positions. Switching between the two conformations requires a ring twist which results in exchange of the β-CH 2 protons in addition to the "flip" of the β-CHMu group.
As a further check on our analysis, the calculated and experimental hfc values can be compared with ESR results for tetrahydrofuran-5-yl and tetrahydrofuran-4-yl (i.e. 2 and 3 with H replacing Mu). Gilbert and Trenwith reported α-proton coupling constants of (-)34.4 MHz and (-)59.4 MHz, respectively, and β-proton constants of 80.1 MHz and 99.5 MHz for the radicals in aqueous solution at 8 °C. 37 (The negative signs are assumed, since first-order ESR splittings do not distinguish sign.) Tetrahydrofuran-5-yl has also been identified in a γ-irradiated clathrate at 123 K, with ESR splittings of (-)38.4 MHz and 78.2 MHz. 16 Our results and analysis are fully consistent with these literature data. Overall, the signals arise from two different radicals and include both ΔM = 1 and ΔM = 0 resonances. Their eventual assignments are given in Table 2 . Muonium addition to furan also gives rise to two radicals, but with very different yields, as evident from the TF-µSR spectrum shown in Figure 6 . The neat liquid sample gave similar results for A µ (see Table 1 ). Comparison with ESR data [38] [39] [40] [41] and an earlier muon spectroscopic study 23 indicates that the stronger signal (smaller muon hfc) is due to radical 5 and the weaker signal is from 4. This assignment is supported by our DFT calculations, which show that 5 is more stable than 4, as might be expected from the enhanced spin delocalization over the allylic structure. Interesting, we found a weak temperature dependence for the muon hfc of 4 in the neat liquid, but a negligible effect for 5 (Table 4 ). This is probably because 5 has a planar ring due to the bond conjugation and is therefore insensitive to the axial-equatorial conformational averaging discussed above for the other radicals. Table 5 . Having identified the muoniated radicals formed from furan and 2,3-dihydrofuran we are now able to deduce the relative reactivities of the C4 and C5 sites in these molecules. As is evident from Figure 6 , for furan one radical (5) is formed in greater abundance than the other (4). The ratio of TF-µSR signal amplitudes is 4.9 ± 0.8 for furan hydrate and 3.2 ± 0.7 for liquid furan.
Similar values (5.4 and 4.2 respectively) were found from the amplitudes of ΔM = 0 μLCR signals. The computed energy of 5 is 49 kJ mol -1 lower than 4, so the fivefold greater yield must be due to kinetic control (lower activation energy), not thermodynamic. Thus we deduce that the C5 site of furan is more reactive than the C4 site to Mu (and hence H-atom) attack. In the case of 2,3-dihydrofuran, the ratio (radical 3 to radical 2) of TF-µSR signal amplitudes is 0.38 ± 0.6 for the hydrate and 0.44 ± 0.5 for the liquid sample. This implies that C4 is more reactive than C5 for this molecule.
Conclusions
Isolated free radicals may be studied as guests in clathrate hydrates by means of muon spin spectroscopy. The radicals are formed by reaction of muonium with unsaturated organic molecules, and the detection of muoniated radicals by transverse-field µSR implies that they are formed very quickly (< 300 ps) after muon implantation in the sample. Isotropic muon hyperfine constants can be determined from TF-µSR spectra, and proton hyperfine constants by muon avoided level-crossing spectroscopy. By these means radicals can be identified and distinguished when there are competing products, such as in the addition of muonium to furan and to 2,3-dihydrofuran. The relative yields of the radicals reflects the reactivities of the different reaction sites. The temperature dependence of hyperfine constants provides information on intramolecular motion. In particular, the various hydrofuranyl radicals studied have non-planar ring structures which can rapidly twist to interconvert pseudo-axial and pseudo-equatorial H and Mu substituents. This occurs both for radicals in liquids and as guests in clathrate cages. In contrast, the overall molecular tumbling that produces isotropic spectra for radicals in liquids is restricted for radicals in clathrates, as evidenced by additional resonances which appear in the μLCR spectra of the latter. More generally, this study demonstrates the utility of muonium (and the associated muon spin spectroscopy) as an isotopic substitute of the H atom to probe the behaviour of radical species formed in environments difficult to study by more mainstream techniques.
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